On the Continuity Condition for the Higher-Order VSIE-MoM Formulation by Kim, Oleksiy S. et al.
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Dec 17, 2017
On the Continuity Condition for the Higher-Order VSIE-MoM Formulation
Kim, Oleksiy S.; Jørgensen, Erik; Meincke, Peter; Breinbjerg, Olav
Published in:
IEEE Antennas and Propagation Society International Symposium, Monterey, California, June 20-25
Link to article, DOI:
10.1109/APS.2004.1330239
Publication date:
2004
Document Version
Publisher's PDF, also known as Version of record
Link back to DTU Orbit
Citation (APA):
Kim, O. S., Jørgensen, E., Meincke, P., & Breinbjerg, O. (2004). On the Continuity Condition for the Higher-
Order VSIE-MoM Formulation. In IEEE Antennas and Propagation Society International Symposium, Monterey,
California, June 20-25 (pp. 4048-4051). IEEE. DOI: 10.1109/APS.2004.1330239
On the Continuity Condition for the Higher-Order VSIE-MOM 
F o r m u l a t i o n  
Oleksiy S. Kim", Erik Jsrgensenz, Peter Meincke', and 01%" Breinbjerg' 
'0rsted-DTU, Section for Electromagnetic Systems, Building 348, 
Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark. 
(osk,pme,ob)eoersted.dtudk 
'TICRA. Lzederstrede 34, DK-I201 Copenhagen K,  Denmark, ejOticia.com 
1 In t roduct ion  
The volumesurface integral equation (VSIE) technique involves a system of two 
coupled equations for a dielectric volume and a perfectly electrically conducting 
(PEC) surface. At those parts where the PEC surface is in contact with the dielec- 
tric material, an additional equation enforcing the continuity between the surface 
current density on the PEC surface and the normal component of the electric flux 
density in the dielectric can be introduced. The explicit enforcement of the conti- 
nuity condition not only allows the number of unknowns in the method of moment 
(MOM) solution of the VSIE to be reduced, but also ensures a good accuracy of 
the solution. In the case of low-order basis functions (RWG or rooftop) the latter 
property is not very pronounced. Due to the local character of the basis functions, 
an implicit (numerical) enforcement of the continuity condition is quite accurate [I], 
even for the problems involving metallic edges where the surface current density 
has a singular behavior. Thus, in accelerated solvers, such as the fast multipole 
method (Fhlhl/MLFh,lM), the continuity condition is usually ignored for the sake 
of implementation simplicity 121. 
The situation differs for higher-order basis functions that can be defined on a large 
domain (up to 1-2X). Any inaccuracy in the integration of the MOM procedure 
affects a large number of basis functions defined on the same domain. Thus, if the 
continuity condition is satisfied numerically, high integration precision is required to  
make the n o m "  component of the electric flux density in the dielectric conform to 
the local behavior of the surface current density a t  the edge of the adjoining PEC 
surface. However, the accuracy of the solution can be maintained without increasing 
the integration order if the continuity condition is imposed explicitly. In the present 
paper, we show by numerical examples advantages of the explicit enforcement of the 
continuity condition at  the interface between metal and dielectric when higher-order 
hierarchical basis functions are utilized. 
2 
The volume-surface integral equation formulation for the electric field is based on 
two coupled equations. The first equation expresses the total electric field E(r) as 
a sum of the incident electric field E'(=) and the scattered electric field E'(*) in the 
dielectric volume V 
Higher-Order  M e t h o d  of Moments for t h e  VSIE 
E(r) = E'(r) + ES,(r) + E%(r), r E V, (1) 
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where Eb(r) and Eg(r) are the electric field scattered by the unknown induced 
electric volume current density Jv(r) and the electric surface current'density Js(r), 
respectively. In our formulation the electric flu density D(r) is used as the unknown 
instead of Jv(r) because the normal component of D(r) is continuous across the 
boundary between two different dielectric materials. The second equation in the 
VSIE imposes the boundary condition for the electric field on the PEC surface S 
E'(=) = -Et(r) - EB(r), r E S. (2) 
In this paper we employ higher-order hierarchical Legendre vector basis functions 131 
for the discretization of the VSIE. Previody, these functions have been successfully 
applied to the analysis of metallic objects in free space 131 and in layered media 141 
by surface integral equations, and to the analysis of dielectric objects by volume 
integral equations 151. The discretization of the geometry of the object is carried out 
by curvilinear hexahedral and quadrilateral elements. In each element the unknown 
function, D(r) 01 Js(r), is expanded in the curvilinear coordinate system (U,V,UJ)  
in terms of the higher-order hierarchical Legendre basis functions [3,5] as 
where (e,  <, 'I) is (U, U ,  w). (U, w ,  U) or (w, U ,  U), and 
A is the Jacobian of the parametric transformation, Pm(() are Legendre palynomiah, 
amns and b, are unknown coefficients, and Me, NC, and Qn denote the expansion 
orders dong the parametric directions. Galerkin's testing procedure is applied to 
transform the integral equation into a system of linear equations. 
3 Imposing t h e  Continuity Condition 
At a metal-dielectric boundary, the surface charge density ps(r) and the electric 
flux density must satisfy the continuity condition 
n .  D(r) = P S ( ~ )  = 20. Js(r) (6) w 
where 8 is B unit vector normal to the boundary. Making use of the favorable or- 
thogonality properties of the higher-order hierarchical Legendre basis functions [3], 
the surface charge density ps as well as 8.D can be expressed in terms of orthogonal 
functions [5]. Consequently, the unknown coefficients for the component of the elec- 
tric flux density normal to the PEC surface (e.g., the component D") are explicitly 
expressed in terms of the coefficients for the current Js on the PEC surface as 
b;b - b& + byo - b&, 
(2n + l)bTm+ilo + 4, - b&i 
b& - b& + (29 + l )byq+qo> 
n = q = O  
n > O ; p = o  
n = O ; y > O  
(zn + l)b?n+,k + (29 t l)byq+,l+ n > 0; q > 0. 
(7 )  
4049 
Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on February 10, 2010 at 10:23 from IEEE Xplore.  Restrictions apply. 
4 Numerical Examples 
First, scattering by a PEC sphere of radius R = 1.5Xo coated with a dielectric mate- 
rial of thickness 0.1Xo and L, = 1.5 - j0.5 is considered. This object is investigated 
because it does not contain edges. The sphere is discretized by 54 curvilinear qnadri- 
laterals for the PEC surface and 54 curvilinear hexahedra for the dielectric coating. 
A maximum of Me = 4 is used when expanding the unknown functions Js(r) and 
D(r). The radar cross section (RCS) computed with and without enforcement of the 
continuity condition (6) is presented in Fig. 1. In both eses the orders of the Gauss 
quadrature rules employed in the integration are the same. The exact Mie series 
solution is used as a reference. It is observed that the enforcement of the continuity 
condition does not influence the accuracy of the solution in this case. Nevertheless, 
864 unknowns out of 5184 can be removed when (6)  is used. 
Second, a frequency selective surface (FSS) formed by a 5 by 5 array of dipoles 
printed on a finite dielectric substrate is analyzed. This configuration contains 
edges. The substrate has cr = 3 and thickness 0.037 mm. A unit element of the FSS 
is shown in Fig. 2. The FSS is illuminated by a y-polarized plane wave propagating 
from the direction given by 8' = 30" and @ = 0". The RCS is calculated in the 
sr-plane at 8' = 150" and = 180' with maximum expansion order Me = 3 for 
D(r) and Me = 2 for .Is(.). Fig. 3 shows the results of our higher-order technique 
with and without the continuity condition (6) enforced. The results obtained by 
using a fine discretization and first-order basis functions (rooftop) are also shown as 
a reference. The low-order solution is not influenced much by the enforcement of the 
continuity condition. However, as opposed to the previous example, the explicitly 
imposed continuity condition now significantly improves the higher-order solution. 
Both results with higher-order basis functions in Fig. 3 are obtained with the same 
precision of the Gauss quadrature integration. If the continuity condition is not 
enforced in the higher-order technique, the solution can be improved by increasing 
the integration accuracy. Fig. 4 shows the convergence of the result as the orders of 
the Gauss quadrature rules used in the solution are increased in steps by one from 
0 to 3. It is noted that the MOM matrix filling time considerably increases with the 
increment of the integration order. 
5 Conclusion 
A highworder MOM solution of the VSIE based on the highworder hierarchical 
Legendre basis functions has been presented. The technique is suitable for solving 
electromagnetic problems involving composite metallic-dielectric objects. Numer- 
ical examples for a finite FSS show that the explicit enforcement of the continu- 
ity condition at a metallic-dielectric interface significantly improves the solution if 
higher-order basis functions me defined on rather large domains with metallic edges 
present. This improvement manifests itself in reducing the number of unknowns and 
reducing the MOM matrix filling time for the same accuracy achieved in comparison 
with the solution in which the continuity condition is ignored. 
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